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ON A 1/4-SC.LE STUB~WING MODEL
OF A PUR3UIT-TYPE AIRPIANE
By Frederlck H. Hanson, Jr.

SUITIARY

Wind-tunnel tests were made %o determine the character-
lstics of the Jet-motor alr-intake duct system for a pursult-
type alrplane, !'odificatlons were made to both the external
and internal design of the duct system to secure a higher.
critical compressibllity speed and higher pressure recovery
at the Jet-untor alr intakes,

By increasing the camber of the duct lips, the critical
Hach number, as estimated from measured pressure distribution,
was ilncreased from 0.48 to 0,64 for the high-speed condltion,
A lfach number of 0,64, however, 1s below the estimated criti-
cal Mach number nf the alrplane for high-—speed flight and 1%
does n»t appear po2sslble to secure a sufficlently high criti-
cal Mach number wlth the ducts in thelr present posltlon and
operating at an lnlet-veloclty ratio less than 1.0. Remoaving
the boundary-layer alr at the duct entrance resulted in a
pressure. recovery of O0,7lgo for the high—speed fllght con-—
dition. Without boundary-layer removal the pressure recovery
was O.48qo0 for the same condition: 'In order to secure high
pressure recovery without increasing the external drag, 1%t
wlll be necessary to find some nearis of removing the boundary
layer other than by a flap on the boundary-layer exlt duct,
vhich was the system used to obtain a pressure recovery of
0.7lao. A system ueing.the I-LO jet-motor exhaust as a Jet -
pump to remove the boundary layer mlght prove satlsfactory
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‘and at the same time not cause an 1lncrease in the external
drag of the alrplane.

The relative lmportance of pressure recovery shead of
the Jet motor and external drag was evaluated for the sea—
level high—speed conditlon, Information from Jet-motor data
indlicated that a decrease in pressure recovery of 10 percent
resulted 1n a change in thrust at meximum speed equlvalent to
an lncreese in drag coefficlent of 0,0008, On this basis, a
duct system using a streamlined bunp on the boundary-layer
exlt duct to provide a suctlion pressure for boundary-layer
removel was developed for which the drag increase due to the
bump was more than compensated for by an increase in the
pressure recovery, The flow in this system was not as desire
able from the viewpoint of the mininum inlet-velooclty ratio
for flow stabillty as the system without boundary-layer control,

INTRODUCTION

Vith the 1lncreasing use of Jet-propulslon units for
modern high—-performance alrcraft, it has become necessary to
conduct considerable research nn duct systems which supply alr
to these units., It 18 desirable that duct systems have the
following characteristics:

1. Low external drag
2, High critical speed
3+« Low pressure logses

If ponsslble, the duct system should be located on the alrplane
so that 1t will not interfere with vislibllity and major struc-
tural components, or take up a great deal of space.

The inmportance »f duct systems has been largely under—
rated 1n the past, the general practice belng to sacrifice
good deslgn of the duct system to» the structure and arrange—
ment of the rest of the alrplane, With the advent of the jet-
prooulslion unit, the duct system becrmes of considerable
" importance, as it greatly influences the performance of the
alrplane in all conditions of rlight, It 1s desirable, there-
fore, to thoroughly deslign and test the duct system while the
airplane 1s still in the deslgn stage., Neglecting t» do thia -
may seriously impalr the performance »f the final ailrplane,
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This report is concerned primerlly wlth the character-
1stics of a duct syestem designed for an I-40 Jet-propulsion
engine. The alrplane for which the air intake ducts are
designed 1s a high—speed pursult-type aircraft that 1s powered
by two different types of propulsive units: (1) a Generel
Electric TG-100 gas turbine which drives a four-blade tractor
propellér, and (2) a -Generel Electric I-40 jet-propulsion
englne whlch exhausts through a blast tube at the end of thse
fuselage. The TG-100 turbine 1s located in the nose of the
alrplane. Alr for thle unit is taken in through an annular
opening in the cowling. The gases from the turbilne are
exhausted through a blast tube on the underside of the
fuselage. The I-U40 jet-propulsion engine 1s located just aft
of the middle of the fuselage. Ailr for thils unlt 1g5 taken in
through two partially submerged centrances on the top half of
the fuselage and epproximately 43 percent wing chord aft the
wing leading edge. For crulsing, thls alrplane will operate
on the TG~100 unit only, while for high-speed flight the I-UO
unit will provide additionsal thrust.

This report presents the results of the tests to deter-—
mine the oritical speed, pressure recovery, and incremental
drag of the I-4O duct system. These tests were made in the
Ames 7- by 1lO0-foot wind tunnel.

SYMBOLS AND CORIFFICIENTS

The followlng symbolé and coefficiente are used 1n this
report: .

H total pressure, pounds pcr sguare foot
jol local statlic pressure, pounds per square foot
P pressure coefficlent (3:..29.)
do
A/B ratio of duct—entrance arca to airplane wing area

(8 18 1/4—ecale wing arce)

Va/Vo duct inlet-valoclty ratio

i \J /zHA = Do)
CDint. internal drag coefflcient %(V%) _TG_D
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thotal ' total drag coefficlent (Drag/q,s)

GDext. external drag coefficient (GDtotal - cDint.)

Te propeller thrust coefficlent (fﬁruaf/povoana)

a angle of attack of wilng, degrees

don free—-stream dynamic pressure, pounds per square foot
Subsdripts

A gstatlion at duct inlet
-'B gstation at compressor 1nlet

o free—stream condltions

MODEL AND APPARATUS

Views of a 1/l—scale stub-wing model of the alrplane are
shown in figures 1, 2, 3, and 4, The lmportant components of
the model are shown in figure 1 and inportant model dimenslons
are gilven in table I. The wing sectlion of the airplane is a
mndified KACA 65&112&—213 airfoil, ordinates for which are
given in table II. slde view »f the mndel with the original
ducts 1s shown in flgure 2, The orlginal ducts are shown
separately in figure 3,

The model was powered with a General Electric two—pole
mnitor rated at 150 horsepower at 5000 rprn, The propeller used
was of Aeroproducts H-20-156-121i3 blade form, 3,00 feet in
dlameter. The nndel mounted 1n the tunnel with the propeller
on is shown in figure 4, The configuration when the fuselage
1s without ducts, as shown in figure 4, is designated as the
basic fuselage conflguratlion, Alr was taken from the I-U0O
plenum chamber through the right wing, passed through a
mercury seal, and finally through a centrifugal pump
located outside the bullding. A celibrated Venturl meter was
used in the llne to measure the flow through the duct system.

The static pressure recovery in the I-U4O jet-motor plenun
chanber was measured as the average of the slx statlc tubes
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shown 1n flgure 1, These were located at the station nf the
motor- alr intakes, ._For boundary-layer-control tests, part »f
the boundary layer present at the duct entrances was exhausted
out the bottom of the fuselage through the boundary-layer duct
ghown 1n flgures 1 and 3., ~ .

-~

TESTS

The external-pressure-distribution tests of the duct
system were made through a range of inlet—veloclty ratios
from VA/Vgo = 0.2 to VA/Veo = 1,0 at an angle of attack of

1°, The range of angles of attack. from o = —2° to o = &°
was covered for Va/Vgo = 0,6, as thils was approximately the
high-speed inlet—-veloclty ratlo, Pressure dilstributlons were
measured for the power—on conditlon through a range of angles
of attack from a = -2° to a = &% and at inlet-velocity ratios
for several values of the propeller thrust coefficlent.

-Intérnal pressures and drags were measured through the
angle~of-attack range (a = —2° to 8°) ‘at inlet~vélocity ratilos
from Vo/No = 0 to Vap/Vp = 1.0 for the power—off conditinn.
Aadditional tests were made at thrust cnefficlents and. inlet—

veloclty ratlos corresponding to those in flight for take-off
~and climb condltions,

All tests except thnse with the propeller operating were
made at a tunnel dynamlc pressurc of EO pounds per square foot,
This corresponds to an average Reynolds number based 2n the
model wing chord of R = 4} x 106, and an average liach number,
I = 0,17« The tunnel dynamlc pressures with the propellers
operating ranged from 3.8 pounds per square foot for a pro-
peller thrust coefficlent of 1,57 to 3.4 pounds per square
foot for a propeller thrust coefficilent of 0,015,

) Tunnel—-wall correctlons were appllied only to the angle
of attack, the effect of the fuselage being neglected. Thils
correction was determined by the method.of reference l. No
correctlions were appllied to the drag data, other than to take
into account the internal drag coefflclent which 1s described
in the appendix, Only data on the ilncremental drag of the .
varinue components were desired, so that the standard wlnd-
tunnel drag correctlons could be neglected with vVery little
error.,
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RESULTS AND DISCUSSION
External Pressure Distribution Over I-40 Air—Intake Ducts

The originael I-UO Jet-motor air—intake ducts for the
model are shown in figures 2 and 3, The prescure distribution
over these original ducts (see fig, 5 for original duct
contours) is shown in figure 6 for the inboard fillet, top
center line, outboard corner, and nutboard fillet, The
pressure dlstributlon along tne inbnard corner 1s not showm
in figure 6 as these orifices were n»ot bullt into the ariginal
ducts. The pressure distributlon indlcated that the original
duct shape was. unsatlsfactory, so the ducts were revised to
the contours shown in flgure 5. Table III presents orcinates
of the top center line for this revised duct. The pressure
distributione for thls revision are given in figure 7. The
effect of inlet—veloclty ratio 1s shown in figures 7(a) to
7(c); the effect of angle of attack is shown In flgures 7(d)
and 7(e). The effect of power is shown in figure &, and the
- effect of a large wing-root flllet in figure 9.

These pressure distributions indicated that the revised
ducts were the best of the several revisions teated, as further
revislons falled to decrease the general level of pressures,
The meximum negatlve pressure for the orlginal ducts was -1.,8q,
which corresponds to & oritical liach number of 0,48, The
revised ducts for the same condltlons, that is, inlet~veloclty
ratlo and angle of attack, have & general. level of pressure of
~0.7 which correspends %o a critlcal liach number of 0,64,
which 1s below the estlmated critical liach number of the alr-
.plane for high speed at all altituces, The possibility of
reaching the critilcal liach number in the crulse condition
should not be overlonked as the maximunm negative pressure .
reached for an inlet-velocity ratio »f 0,18 i1s ~-l.lq, which
corresponds to a critical Mach number of 0,53, At esea level
-this lach number 1s equivalent to LOO miles per Hour, while at
20,000 feet altitude 1t 1s equivalent to 3{5 mliles per hour,

The high negative pressure pver the ducts was the result
of two factors: %l) the increased veloclity of flow aover the

duct 1lips due to their own shape, and (2) the increased velocity
of flow over the ducts due to the presence of the alrplane wlng,.
The position of the I-U0 alr—intakeé ducts -with respeet to the
wing is shown in figures 2 and 10. The pressure distribution
over the basic fuselage 1s shown ln figure 1ll., Thils pressure
dlistribution is similar to that for the wing, showlng the
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basically high-veloclty (or low—pressure) field in which the
. .Gucts arg placed., There are two ways, then, to reduce the
high pressures over the ‘ducts: (1) design'tﬁe'dueta so the
veloclty of the alr does.not increase while passing over them,
and (2) remove the ducts from thé influence of the wing. The
former may be done By designing ducts that operate at .an
inlet-veloclty ratlo of about one and that have less camber
than ducts which are deslgned: to operate at lower inlet-
veloclty ratlos.” Thils, 'of ‘course, makes the diffuser deslgn
more difficult.. No very eatisfac%ory means of remoylng the
ducts from the lnfluence of the wing of the  alrplane has been
found. The pregent ducts could he extended forward to the .
leading edge of the wing, but unless more of- the duct oould
be submerged into the fuselage, thc design would not be very
satisfactory. A design wilth tﬁe duct system located under
the fuselage of the alrplans was consldered but would probably
prove undeslrable bcceusc of the proximity of the duct inlet
to the ground with the possibllity of sucking dirt or watoer
into the duct when the alrplanc 1s takling off or landing nn
& muddy fleld. Also considered was a deslgn wilth the ducts
located on top of the rear part of the fuselage. Thls was
relJected to0, as unsatisfactory flow conditlions probably

would exlst since the duct would be directly aft of the
Cannpy . .. : . .. ]

Boundary-Ilayer Control and Factors .
Affecting Total-Head Profiles at Duct Entrance

In addlitlon to causing high negative pressures over the
I-40 jJet-motor alr-intake ducts, the wing helped to produce a
thick boundary layer at the duc% entrance, .This was a direcet
result of the prcssure gradlent in front nf the duct entrance.
Since the ducts were deslgned to operaté at an inlet-veloclty
ratio for high-speed flight of 0,65, the veloclity of the air
entering the ducts must be. lower than the free-stream veloclty.
In order to decreasce the veloclty »f the alr as 1t fiows along
the ramp 1t 1s necessary for'.the air to flow from:a rcglon of
lower -statlic pressure at the ramp entrance to a reglon of.
higher statlc pressure at the duct cntrance. The prescnce of
the wilng wlth ite accompanylng ncgatlve pressurc fleld causes
the reglon of low statlc pressuro at the ramp entrance to
becnome s8tlill lowoer so that the alr must flow agailnst a steepcr
pressure gradlont along the-ramp, Thls conditlion ls conducilve
to a thickening of the boundary layer. To makc thls pressure
gradient mnore gradual, a ramp that bogan ahcad of the leadlng
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edge of the wing was tested  (ramp revision A)., This 1s
conpared wltH the origlnal ramp in figure 10, Ordinates for
theseo ramps are glven ln table IV. The baslc pressure dis—
tribution over the fuselage 1s shown in figure 11, and the
ranp pressure gradlents are shown in figure 12,

Orlginally, part of the boundary-—layer alr was removed at
the duct entrance and exhausted thrnugh a slot at the bottom
of the fuselage., Tests showed that a lower pressure was
requlired at the boundary-layer duct exit to provide satisfac—
tory boundary—layer removal. A& 60° flap on the exlt provided
an entrance veloclty ratio for the boundary-layer duct of
spproximately O.7, regardiess of the duct—entrance veloclty
ratio, This gave satlsfactory boundary-layer removal, but, of
course, ton large an lncrease in dreg, A complete series of
tests vas made with thls system, however, as the data, carrected
for the flap drag, could be used for any system that removed
the same amount of boundary layer. The bhoundary layer could
be pumped off, for example, by a Jet-pump arrangement using
tho Jet—-mntor cxhaust. A stream-lined bump was then tested to
provide a low pressure at the exit and a low drag simultaneously,.
Thls bump provided a boundary-layer—duct inlet—veloclty ratio
of about 0.5 for mnst condltlons. Drawings of the original
boundary-layer duct, the 60° exit flap, and the exit bump are
presented in figure 13, A photogranh of the bump 1s shown in
figure 14, Tcets were also made of a system that used no
boaundary-laycr removal, This was done by falring over the
boundary-layer-duct entrances and exit, The ramp for this
condltlon was called ramp revision B, The contour of the ranmp
1s shown in figure 10; the pressurc gradient for thls contour
1s shown in figure 12, Ordinates arc given in table IV,

Total~head profiles at the duct cntrance arc presented
in figures 15 and 18, These show thc effect of the ramp
revisions, boundary-layer removal, angle of attack, and thrust
coefflclent, BSome questlion may arlse as to why the total-
head profile for an inlet-veloclty ratio of 0,34 1s fuller
than the profile for O,54 in figure 15(a), Onc possible
explanation 1s that a condition of unstable flow through the
ducts exlsts so that one duct 1s 2perating at an inlet-—
velocity ratio less than 0,34, while the other 1s operating
at an inlet veloclty greater than O.34, This unstable flow
conditlon exlsts below an lnlet-veloclty ratin of 0.5 and 1s
explained later on in the report.
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. Figure -15(b) shows the improvement obtained in the
‘entrance -proflles wlth revised remp A and boundary—layer
‘removal, while figure 15(c) shows the profliles obtained: with—
out boundary-layér removal. Figurés 16(a) and 16(b) show the
effect of boundary-layer removal for both right and left ~
-ducts, ‘and flgure 17 shows how the - entrance profiles vary
wlth angle of attack for an inlet-véloclty ratio of 0,75,
Entrance prnflles with the propeller operating are presented
An figures 18(a) and 18(b), The difference in the profiles
for the right and left duct may be dus to the effect.nf the
propeller »n the ‘slipstream,

Pressure Recovery

The welght rate of alr flow and the inlet—velocity ratio
at 500 miles per hour of the General Electric I-40 unit are
presented ln flgure 19 for sesa level and 20,000 feet, as a
function »f pres3ure recovery &t the face of the compressor,
Tne pressure recovery »f the orlginal duct system was unsat-—
lsfactory due to the thick boundary layer present at the
duct entrance, and the arrangement »f the vanes 1n the
diffuser, (See fig. 20,) In the revised diffuser the length
of the vanes and the radius of curvature »f the lower corner
insiée tlhie dlffuser were lncreased., The flow inslde the
difruveer was investlgated by means of a probe with a small
tuft on the end. This made 1t possible to view the flow
characterlstlcs through the transparent walls used in the
construction nf the diffuser for the bench tests. The benche
test apvaratus 1ls shown in figure 21, In the final diffuser
the radius >f curvature of both the upper and lower corners
was lncreased and the vanes to turn the alr were elirinated,.
It was necessary, however, to install three vanes near the
lower surface of the diffuser to keep the air flow from
separating from the surface, .o

The pressure recovery for the final revised diffuser in
comblnatlion with varlous boundary-layer—removal systems-1s.
presented in figure 22. Data are presented also in figure 22
for a configuration in which the ramp dlverged as 1t approached
the duct entrance, Thls divergent ramp was dealgned to approx—
imately fit the streamlines for the hlgh-—speed lnlet-veloclty
ratlio as lndlcated by the pressure gradient ahead.of the open-
ing. A photograph and a drawlng of this ramp are presented
in figures 23 and 24, respectively. Apparently the divergent
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ranp reduced the thickness of the boundary layer present at
the entrance, although the data taken were not complete enough
- t2 ‘check this, The ramp was tested only for the falred-over
condition of the boundary-layer ducts, Flgure 2h shows the
effect of propeller operation and inlet—velocity ratio on
static pressure recovery ln the plenum chamber wlth and with-—
nut boundary-layer renoval, .

Internal and External Drag

In order to calculate the speed of an airplane, 1t is
only necessary to know two things: (1) total thrust, and (2)
total drag., Total thrust for a Jet—propelled alrplane depends
only an the pressure ahead of the compressor for glven opsrat—
ing conditions (rpm, altitude). Total drag is the sum of the
external drag and the momentum or ram drag, liomentum or ranmn
drag las defined as the force that 1s produced due to bringing
all the air which enters the ducts to a stop 1n the drag direc—
tlon. Tntal drag l1ls measured »n the wind-tunnel balances when
the ailr entering the model 1s removed from the tunnel at 90° t»o
the drag dilrection. -

In general, the external drag can be found by subtracting

the froe -stream momentum n»f the enterling ailr from the total
drage In coeffilclent form the lnternal drag may be wrltten

cDint. = 2 (g)(%

vihere

A/s _ duct entrance area
alrplare wlng ares

VA/Vo duct inlet—velocity ratio

In the present case, however, this ls not conslstent with the
definition of external drag. External drag has been ‘defined
as the drag due to the exterlor portion of the alrplane, so
that the loss in momentum, due to frictlon, suffered by.the
" alr passing over the fusselage before enterling the duct system
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cannot be charged to internal drag. Thls loss of free—stream
momentum was evaluated by measuring the total-head profilles

of the entering alr. The conditions et the duct entrance

were evaluated from free-stream statlc pressure, and the free—
stream momentum corresponding to the entrance momentum was
found. The internal drag was then

A\/Va | A - P
oy, = 2 () /B Ee

A — Po - . "
where --EE—— ls the average value -of the quantity across

the duct entrance. This correctlon is developed more fully in
the appendix.

Total drag curves plotted agecinst angle of attaclk are
.glven in figures 26(a) to 26(g), for inlet—velocity ratios of
Va/Va = 0 to Vao/Va = 1.4, These deta are cross-plotted for
a = 0 in figure 27. If the internal cdrag coefficlent is
subtracted from the totel drag coefficient, the resulting
value 18 the external drag coefllclent. The wvarlation of
external drag coefficlent wilth 1glet—velocity ratio 1is
presented in figure 28 for a = 0.

If a 1line is drawn on figuro 27 with the slope 2(4/5)
and passing through Cp, .., = .0165 at V,/Vo = O, the curve

for "dragless" ducts that take in no boundary layer wlll
‘ result. 48 the actual I-L40 sir-inteke ducts do have drag,
and as boundary-layer air is used, the wveriouse conflgurations
have a higher drag end a smaller slope than thls curve.
Above an 1nlet velocity of 0.55 though, two of the curves for
the configuration, in which all the boundary layer 1s taken
into the plenum chamber, drop below the curve for dragless .
ducts. One explanation of thls msy be that the ducts whlch
take in most of the boundary layer reduce the drag of the
fuselage by an amount which 18 sufficient to more than offset
the drag 6f the ducts themselves. Thus, less drag 18 obtained
with the ducts that take in the boundery layer than in the
hypothetical case of the dragless ducts which take 1n no
boundary layer. - - ] )

Calculations to compare the reélative merits of the
various duct eystems for high—-speed flight are glven in table V.
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It was determined from data on the I-LO unit that a decrease
in pressure recowvery of 0.10q8 resulted in a loss in thrust
eoulvelent to an increase in drag coefficlent of ACp = 0.0008
for the sea~level high-speed condition. A comparison of the
various systems was made on thls basis, using the hypothetical
case of the fuselage with dragless ducts that teke in no
boundary layer and that have 100-percent pressure recovery as
the base with which the other systems are compared.

It should be borne in mind thau the drag data presented
herein are low Mach number data, and as the ducts have a low
critical Mach number, the duct drag may be much higher in the
high—speed condition.

Unstable Flow

Consilderable difficulty was caused throughout these tests
by an unstable flow conditlon through the ducts at low inlet—
veloclty ratlos. At a certaln lnlet-veloclty ratlo, dependlng
upon the configuration, the flow throuzh the two ducts would
suddenly become unsymmetrlcal. The flow stopped in one of the
ducts, or actually reversed, whille ¢ll the flow went through
the opposite duct. This produced = sudden drop 1n pressure
recovery, and & large increase in drag. Apparently separation
along the ramp was responsible for this. The process can be
explained as follows:

A8 the inlet-veloclty ratlo is decreased,- more alr- must
flow around and over the top of the ducts. A4 steeper and more
unfavorsble preassure gradlent occurs along the .remp as there
18 an increasing difference between the pressure at the ramp
entrance and the pressure at the duct inlet. The pressure at
the ramp entrance remalns approximetely the same while the
preesure 1n front of the duct lnlet becones higher as the
inlet—-veloclty ratio is decreased. Thoe decreasing inlet—
velocity ratlio willl ceuse the boundary layer to become thicker
so that a point may be reached when scparestlion willl occur
along the ramp. Since the flow along both ramps will never
be quite symmetrical, separation will not ocecur along both
ramps simultaneously. The sepsration of the flow along one
ramp may reduce the total head at the duct entrance below
that in the plenum chamber so that the alr may actually
reverse through the duct.
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-

Thus, at an over—all inlet-velocity ratic of 0.4, one
duct may be operating at Va/Vg = 1.0 and the other at
Vao/Vo = —-0.2. .Examples of the effects eof unstable flow can
be seen in figures 15(a), 22, and 28. Figure 15(a) indicates
unsympetrical flow becausde the totel-head profile at the
entrance of the right duct for an inlot-veloclty ratio of -0.3U
1s fuller than the profile for an inlet-~velocity ratio of 0.54.
This would 1lndlcate that thils duct was operating ‘at an inlet—-
veloclty ratlo considerably greater than the average -value of
0.34, while there is probably little if any air flowing
through the other duct. Tho suddon.drop-off 1ln the recovery
pressure coefficlient at an lnlet—veloclty ratio of 0.5 in
Tilgure 22 and the increase in drag below an lnlet-velocilty
ratio of 0.5 in figure 28 arec also indicative of unstable flow
conditiona. The configuratlons wlth boundary-layer ducts
falred over were conslderably more stable than the conflgura-—
tions using boundary-layer removal.

A conditlon of very high drag and high external prcssures
over one duct may actually become dengerous, as 1t 1s qulte
possible to obtaln low inlet-veloclty ratios 1n a hilgh-spccd
dive. Several solutlons to this problem are possible. The
ducts may be blocked internally or extcrnally when the unlt
is not in use. The plenum chamber may be dlvided so that ailr
cannot flow from onc duct to the other. If smaller ducts
with higher inlet-veloclty ratios are used, low enough flows
may not occur in flight to cause this instablility.

CONCLUSIOCIIS

The results of the tests of the I-U40 alr-intake duct
system 1ndicate the Tollowlng:

1. It is not possible with thc duct system tested to
secure a sufficlently high critical Hach number with the ducts
in thelr present posltion and opcreting at an inlet-velocilty
ratlo of lees than 1.0.

2. To secure high pressure recovory without incrcaslng
the external drag simultaneously i1t 1s nocessary to find somo
other means of boundary—laﬂgr removal at the duct entreance;
for instance, using the I-U40 jet—motor exhaust as a Jet pump
to remove the boundary laycr.
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3. On the alrplane model tested, the low drag and sim-
Pliclty of a duct system that uses the boundary layer are more
important than the high pressure recovery of a system that
removes all, or part of, the boundary layer.

Y. A duct eystem using a streamlined bump on the
boundary-layer exit duct provided the smallest decrease in
thrust as compared wlth a system that had dragless ducts
having 100-percent pressure recovery and taking in no boundary
layer.

Ames Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Moffett Field, Calif.
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S .. APPENDIX
DERIVATION OF INTERNAL DRAG COEFFICIENT

L

oIn bringing air to a stogi or in changiné its dlrection
by 90°, a drag is incurred. 8 drag may be written

D:= Po Q@ Vo
where
Po atmospheric density, slugs per cubic foot
Q quantity of alr considered, cublc feet per second
Vo free-stream velocity, feet ver second

When applied to an airplane this may be written in
coeffilclent form:

®Dint. =2 (s/ v->
where

A/S duct entrance area
alrplane wlng area'.

Va/Vo duct entrance velec!ty:
Treec—stream velocity

In gencral, thils may be -used as an indication of the
internal drag when testing wind-tunnel models, so that the
external drag of varlous configurations may be compared. For
a duct system in which there is boundary layer present at the
duct entrance the internal drag as defined in the precedling
equation will include part of the external drag of the alr-
plane, making the correction no longer accurate.

In the present caee, part of thoe free-—stream momentum
has been lost before the air enters the ducts. This loss 1s
part of the external drag, so that 1t is necessary to ovaluate
how much of the original frec-strean. momentum 18 lost as the
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air passes over the surface of the fuselage to reach the duct.
This loss 18 due to the formation of a boundary layer which
causes the average total pressure at the duct entrance to be
less than the free-stream total pressure. If the condltions
at duct entrance are extrapolated to free—stream conditlons by
Bernoulli's equation, the momentum for an element of area at
the duct entrance may be written:

momentum = m vdA

where

m mass flow per element of area, slugs per second per
unit area

v veloclity of flow of the alr based on the totasl head at
the element of area and free—-stream statlc pressure,
fect per second .

dA the area of the element of area

If h 1is the duct height, b the duct width, dy the helght
of any element of aree, and v 18 assumed constant &cross the
Quct width

h
Dyng, = b/y mv dy

h
b/o Pa Va vdy

h
= b/b PA.VA Jf‘e (Hy ~ Do) dy
S P

o

where '

Po free—-strecam static presgure, pounds per square foot
Po frée—stream densilty, slﬁgs.por cuble foot

Pa denslty et duct entrance, slugs pcer cublc foot

VA veloclty of flow through element of are&, fest per

second .
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J/iE(HA =~ Po) ~equlvalent free—stroam veloclty where .Hy 1s
Po totel head at duct entrance, pounds per
square foot

If b!éh Pp Va J//E(HA ~ Po) dy 418 divided by the free—stream
Po )

dynamlc pressure and the alrplane wing area, and reduced to

coefficlent form, the following equation wlll result:

b_ /R S(Ea — Dg)
——Jy PAV A o)
QoS A 4/~» Po dy

(zA\ C’A\ CA‘\, 2HA ~ Po’
8/ Vo / g, %
where thc bar indlcates the mean velue of the term. The mean

velue of the term /iﬁéa;_gﬂi. vae found by plotting values
: o

of the term measured at the duct centcr line, and integrating
wilth a planimeter. The average veluc of the term V,/V,

over the duct area was found by dividing the Venturi-mcasured
quantity of flow by the duct-entrancc area. Values of thesc
terms and corresponding hternal drag coefficlents arc glven
in table VI for the various configurations. The term pp/P,
mey be considered to be equal to onc for low velociltilos.

G
Dint.

REFERE:ICE

1. Allen, H. Jullan, and Vincontl, Walter G.: Well Inter-
forcence 1n a Two-Dimonsional—Flow Wind Tunnel with
Gonsideration of the Effect of Compressibility.

KACA ARR LUk03, 19ulL.
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OF A PURSUIT-TYPE AIRPLANE.
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STUB-WING MODEL

Stub-wing erea . . . . . . . 22.23
Stub-wing chord . . . « . . s - o
1/4-scale-wing area . . . . 26.55
Cowl-inteke area . . . . . 0,078
Original duct—intake arec. 0.1475
Revised duct—intéke ares . 0.1420

square feet

3.27 feet
square feet
square feet
square feet

square feet
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TABLE II.- AIRFOIL CRDINATES OF THE TING USED ON THE AIRPLANE

(The airfoll 1s a modified 65(1121-213 (a = 1). The upper
surface aft of 75 percent chord 1s a straight line, tangent
at 75 percent chord &nd tralling—edge radius. The lower
surface aft of 60 percent is a stra1§ht line, tangent at
60 percent and tralling-edge radius.

(Abcissas and ordinates in percent of wing chord)

Upper Lower
Statlon surface surface
0.5 1.1&5 0.888
.75 1.341 1.070
1.25 1.665 1.347
2.5 2.272 1.820
5 3.%83 2.432
7. .89 2.
10 2 3.496 3.207
15 5.458 .082
20 6.192 I.578
25 6.755 k.95
30 7.163 5.21
32 7.282 5.293
Rg 7.430 5.372
7-563 5.%25
45 7-536 5.348
A N
g | % | i
5.7 .
67 5.483 3.538
70 2.038 3.232
73 +555 2.918
75 4,223 2.702
&0 3.388 2.1
&85 2.558 1.647
90 1.73%2 1.119
95 .901 -591
100 ——— —
ading-edge radius: 1.1755. Leading-edge
adius above chord planc: 0.10. ~Trailing-
dge radius: 0.064.
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.~ . TABIE III.- ORDINATES OF THE TOP CENTER LINE OF THE
FINAL I-lto AIR-INTAKE DUCT (FULL SCALE)

Ordinate from top center line
S?il:ij_'?n to duct reference llne
(in.)

279.22 32.63 (0.375R.on 1ip)
282.38 3,

286.75 35-78

291.13 I. 36.37

300.00 36.83

309.00 36.73

318.00 36.10

523.75 35,404

3+2.75 31.90

351.75 | 29.55

356..25 : 28.30

362.00 26.75
366.00 25.76

376.00 23,15

386.00 21.58

396.00 20.33

06.00 19.52
416.00 18.70
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TABLE IV.—~ RAMP ORDIN4TES OF THE AIR INTAKE DUCTS
- - FOR THE.-I-40-JET PROPULSION ENGINE

(Ordinates are given in inches, full scale, from the duct
reference line)

Full-scale
station Original 1. Ramp 3 Ramp
(in.) remp revision A revision B
191 ————— 27.74 27. 74
198.5 —_ e —— 27.58
201.75 ———— 27.5 | ——
206 ———— ——e 27.27
210,75 | ————— 26.995 —————
213.5 = | ————— — 26.87
220.875 27.715 26.080 | @ ————
221 — ——— 26.38
228.5 ———— ——— 25.84
229.625 27.447 25.050 ——
236 e S —— 25.25
2 3-5 —————— —- ' 2)"'-63
247.125 25.830 o2. 745 | ——=
= A e R —_— o4.01
255.875 24,570 21.605 ——
258.5 | ———a— - 23.40
264.5 23.065 20.605 —_—
266 ———— —— 22.85
273.5 ———— e — 22.3G
27 21.125 19.880 —
279 | e———— 19.617 ———
281 19.536 —— 22.13
* Consilsts of the aft 60 percent of an NiCa
65(216)~0(10.4) airfoil. :
2 Consists of the aft 60 percent of an NiCa
64(215)-0(8.78) airfoil.




TABLE V.- COMP4RISONS OF DUCT SYSTEMS F
(Va/Vy = 0.65, a =

O%O%HE HIGH-SPEED FLIGHT CONDITION

Configuretion

Pressure
recovery,

PB - Po

do

A(PB - Po)

%

—-(0.0080)x

A(pg - Po)

Qo

C
Diotal

AC
Dtotal

ACDgota1+
0,0080 X

A(PB - po)

)

Change in

thrust at

500 mph
(1b)

Fuselage with
"drrglcssh
ducts con-
sidered es
base

1.00

0.0235

1 WA=, WL AW AN . .

600 boundary-
layer exilt
flep

.71

~.29

.0023

.028L

.0049

~1950

-t BT T

1A er——

60° boundery-
layer exlt
flap with
flep dreg
subtracted

.71

-.29

.0023

.02l

.0009

~-879

Boundary-
layer exlt
bumo

~.36

.0029

. 0240

.0005

-920

T

Bbunﬁary—
layer ducts
faired over,
stralght—-
walled r

.64

.0051

.0233

~.0002

-1330

- v

Boundary-
layer ducts
faired over,
divergent
walled remp

g

.00k2

.0231

—-.0004

.0038

~1030

*ON UR

60VoV

23
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TABIE VI.- INTERNAL-DRAG COEFFICIENTS (a = 0°)

- -

Confliguration Va/Vs /fﬁArPoi cDint.
do

60° boundary-— 0.36 0.92 |0.0036
. layer exit .56 .96 .0058
flap .76 .97 .0079
.93 .98 | .009&

Boundary-layer 36 .93 .0036
exit bump .92 . 0056
93 97 .0096

Boundary-layer 36 .72 .0028
ducts feired .82 .00l4g
over, straight- 7E &7 .0070
welled ramp .89 .0089
Boundary--layer .18 .62 .0012
ducts falred <36 .69 .0o2l
over, divergent| .56 .83 .0050
ramp .75 .89 .0071
.93 .91 .0091




oz coWt
2-5PQOL ©
3-COWL™ AIR DUCT
4-T3-100 BLAST TUBE

5~ RAMP : L
6- BOUMDARY -LAYER DUCT .
* 7-BOUNDARY-LAYER EXIT: BUMP -
8- DIFFUSER VANES
 9-PLENUM  CHAMBER - )
10-STATIC PRESSURE RECOVERY TUBES
- AR OMTLET PIPE- -

rigure l.- Seotional view of 1l/4-scale stub-wing model of the airplane
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Figure 2.~ Side view of 1/4-scale stub-wing
showing original I-40 air-intake duots.

model of the airplane

*ON di

60vVov
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Figure 3.~ Original I-40 air-intake ducts showing boundary-layer
removal duotse The 1/4-scale stub-wing model of the airplane.
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Figure 4.- The 1/4-soale stub-wing model of the airplane mounted
in the Ames 7- by 10=-foot wind tunnele.
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=
./‘ 6
s CONF/G.~OFIGINMAL. LEFT DUCT
WITH  BOUNBRARY ~LA YER
AEMOVAL. .
ARUN Sid, X=17° % 0.5¢
2 © TOP CENTER LINE
s OUTBOARL CORNER
@ " FILLET
' v INBOARD FILLET

=2y
<

20 £ =] /2 /6 20 2f 25
J7 FULL-SCALE OIST: AF 7 OF L. E. OF CLEF T DUCT ~INCHES

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

(@) Yy Qse,0emse
FIGURE 6. =FRESSURE DISTRIGUTION OVER 7THE ORYGHIVAL
LEFT DUCT OF THE Xg-SCALE S7TUB-WNG MOOEL.
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4 8 /2 /6 (o] 24 28
FUht ~Sc Al LIST, AF7 OF L.LE OF LES 7 LNCT ~INVCAHES

“ - CONFYG. ~ORIGNAL LEFT DUCT W/ITH
BOUNLARY LAY EN FAMC VAL .
* o Vas, -
AUN ShH, Xx=0°, Y4 =1/

o TOP CENTERLINE

A OUTBOARD CORNER
6 [c} FILLET
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£
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COMMITTEE FOR AERONAUTICS
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NWATION AL ADV1SORY
COMMITTEE FOR AERONAUTICS

4 8 2 /6 20 24 28

FULL-SCAL & DIST AF T OF L& OF LEFT DUCT ~WCHES
CONFIG~PEVISED LEFT DUET W/ITH
P BOUWVLARY ~LAVER DUCT
F/APED OVER.
FUN 263, a =/° Vi =008
o TOP CENTER LINE

& OUTBOARD CORNER
o]

3
” FILLET (RUN Z2600)
I O WNEQARD CORNER
v “ FILLET
20 (a.=/° JA‘/l/¢,=0./¢9

FIGURE 7. — PRESSURE D/STHRIBUTICWN OVER THE REVISEL LEFT7
OVCT OF THE Vad-SCALE STUE- WING rOLEL,
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CONF/G. v TEVISED LEFT PUCT W/7H
LBOUNDAFY - LAY EAT DUST

(¢ 4 8 /4 /6 Z0 24 8
FULL-SCALE D/S7. AF7 OF L&, OF LEFT DUCT ~ /NCHES
FAIRELD OVER.

4 RUN 260 /1, & =/°, YAy =0.54
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A OUTBCARLD CORNER
‘ o oo FILLET
6 & INBOARD CORNER
v ” FlLLET
.537
NATEIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
>4
/
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Fr/EUWPE 7. — CONT/INUED.
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FIGURE 7. - CONMTINUED.
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8 /2 76 zo 24 25
Fl~SCALE DFST: AF 7T OF L. £ OF LEF 7~ DUCT ~/NCAHES
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J) NATIONAL ADVISORY

é COMMI TTEE FOR AERONAUTICS

FIGURE B.~FRESSURE DISTRIBUTION OVEFR THE REVISED LEFT DUCT;
FROPELLER OFERATING, 0L=02 VA,=056,T=002. ; FROPELLER

Yal, =
REMOVED, X =0°, Y4f, = 0.56
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NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

N
Q=0

FIGURE. 9. - /PRESSURE DISTR/BUTION OVER THE ovr-
BOARL FHLET OF 7HE FREV/SED LEFT DUCT
WITH ANO /7O 7 VG- A007 FILLEETS.
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NACA
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9-ll-44

Figure l4.- Boundary-layer exit bump, 1/4-scale stub-wing model
of the airplane.
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